TNF-␣ has both proinflammatory and immunoregulatory functions. Whereas a protective role for TNF administration in systemic lupus erythematosus (SLE)-prone (New Zealand Black ؋ New Zealand White)F 1 mice has been established, it remains uncertain whether this effect segregates at the individual TNFR. We generated SLE-prone New Zealand Mixed 2328 mice genetically deficient in TNFR1, in TNFR2, or in both receptors. Doubly-deficient mice developed accelerated pathological and clinical nephritis with elevated levels of circulating IgG anti-dsDNA autoantibodies and increased numbers of CD4 ؉ T lymphocytes, especially activated memory (CD44 high CD62L low ) CD4 ؉ T cells. We show that these cells expressed a Th17 gene profile, were positive for IL-17 intracellular staining by FACS, and produced exogenous IL-17 in culture. In contrast, immunological, pathological, and clinical profiles of mice deficient in either TNFR alone did not differ from those in each other or from those in wild-type controls. Thus, total ablation of TNF-␣-mediated signaling was highly deleterious to the host in the New Zealand Mixed 2328 SLE model. These observations may have profound ramifications for the use of TNF and TNFR antagonists in human SLE and related autoimmune disorders, as well as demonstrate, for the first time, the association of the Th17 pathway with an animal model of SLE.
T umor necrosis factor-␣ generates a wide range of biological effects, including cellular differentiation, proliferation, and apoptosis (1) (2) (3) (4) . The variability in such responses is attributable, in part, to the presence of two distinct transmembrane receptors: the type I, p55 TNFR (TNFR1) and the type II, p75 TNFR (TNFR2) (5) . The p55 TNFR is expressed ubiquitously, whereas p75 TNFR expression is more tightly regulated and found predominantly on hematopoietic cells and endothelial cells. These two receptors can mediate distinct cellular responses through activation of different signaling cascades (5, 6) . The p55 TNFR primarily mediates TNF-induced inflammation and cell death, whereas the effects of p75 TNFR signaling include promotion of proliferative responses in thymocytes, T lymphocytes, and other hematopoietic cells (7) and the induction of apoptosis in mature activated T cells (8) . Thus, the TNF/TNFR system subserves two important functions: that of a potent proinflammatory mediator, and that of a key immune regulator.
In light of the pleiotropic properties of the TNF/TNFR system, the effects of either blocking or administering TNF on autoimmunity have varied significantly from disease to disease. In humans, anti-TNF agents are therapeutic in rheumatoid arthritis and chronic inflammatory bowel disease (9, 10) . In murine anti-glomerular basement membrane Ab-induced glomerulonephritis, experimental autoimmune encephalomyelitis (EAE), 3 and experimental allergic uveitis, anti-TNF treatment is likewise beneficial (11) (12) (13) . In stark contrast to these salutary effects of TNF neutralization, TNF administration reduces the incidence of spontaneous insulin-dependent diabetes mellitus in adult NOD mice, results that are reproduced by local transgene-encoded TNF overexpression in pancreatic islet cells (14 -16) . Experiments conducted in the (New Zealand Black (NZB) ϫ New Zealand White (NZW))F 1 mouse model of systemic lupus erythematosus (SLE) have clearly demonstrated the benefits of early administration of rTNF or TNFinducing agents on inhibition of nephritis (17) (18) (19) . Indeed, autoimmunity and nephritis are accelerated in NZB mice deficient in TNF (20) . Taken together, these findings suggest that the pathophysiological role for TNF in certain disorders is that of a proinflammatory agent. Hence, neutralization or elimination of TNF is beneficial to the host. In other disorders, however, the role for TNF is that of an immune regulator; therefore, administration or induction of TNF is beneficial to the host.
The need to understand the molecular foundation for the contrasting effects of TNF is further highlighted by reports that, rather than improving their condition, anti-TNF treatments in some patients with rheumatoid arthritis or chronic inflammatory bowel disease incite the development of autoantibodies, neuroinflammatory disease, or SLElike features (21) (22) (23) . Moreover, TNF blockade in multiple sclerosis patients has led to immune activation and disease exacerbation (24, 25) . Nevertheless, it has recently been suggested that anti-TNF agents can be therapeutically administered to SLE patients (26, 27) , emphasizing the pressing need for a greater understanding of the TNF/TNFR system.
The inherent complexity of the TNF/TNFR system is manifest through the divergent roles for the p55 and p75 TNFRs in some autoimmune diseases. In myelin oligodendrocyte glycoprotein-induced EAE, deletion of the p55 receptor confers resistance to acute clinical disease, whereas deletion of the p75 receptor exacerbates disease (28) . Moreover, Kassiotis and Kollias (29) have shown in this system that TNFR1/TNFR2 doubly-deficient mice develop a late-onset chronic EAE, whereas mice singly deficient in TNFR1 or TNFR2 fail to develop this late onset complication. In antiglomerular basement membrane Ab-induced glomerulonephritis, p75 deficiency is protective, whereas p55-deficient mice develop proteinuria and renal pathology similar to those in wild-type (WT) controls (30) . In addition, p55 deficiency greatly accelerates lymphadenopathy, autoantibody production, and mortality in C57BL/6-lpr mice (31) .
To date, no study has compared the effects of p55 TNFR1 deficiency vs p75 TNFR2 deficiency vs deficiencies of both in any spontaneous SLE-prone models. The goal of this study, therefore, was to evaluate the effects of the various TNFR deficiencies in SLE-prone New Zealand Mixed (NZM) 2328 mice (32) . We report in this study that TNFR1/TNFR2 doubly-deficient NZM 2328 mice, but not those singly deficient for either TNFR, develop an Representative H&E staining (original magnification ϫ200) and IgG1, IgG2b, and C3 immunofluorescence staining (original magnification ϫ40) of kidney sections from female NZM 2328 mice with the indicated genotypes and ages. Increased mesangial deposition with some cellularity in the glomeruli of 5.5-mo-old p55/p75 DKO mice and in 7.5-mo-old WT mice is marked with arrows. accelerated disease associated with early accumulation of activated memory T cells that express the highly pathogenic Th17 gene profile. These findings may have important therapeutic ramifications for human SLE.
Materials and Methods

Mice
The mice were maintained at the University of Southern California, and the experiments were approved by the Institutional Animal Care and Use Committee. The p55 TNFR1-and p75 TNFR2-deficient mice on a C57BL/6 background (Jackson ImmunoResearch Laboratories) were backcrossed into SLE-prone NZM 2328 mice. Introgression of the genotypes (p55 Ϫ/Ϫ or p75 Ϫ/Ϫ ) was accelerated by a marker-assisted protocol (33) using relevant microsatellite markers. The N6 backcross generation (p55 ϩ/Ϫ or p75 ϩ/Ϫ ) was fully congenic. Subsequently, NZM.p55 ϩ/Ϫ males and females were crossed, yielding NZM mice that were p55 Ϫ/Ϫ . The same was done with NZM.p75 ϩ/Ϫ mice, yielding NZM mice that were p75 Ϫ/Ϫ . Singly-deficient mice were then intercrossed to yield doubly-deficient mice (p55 Ϫ/Ϫ /p75 Ϫ/Ϫ ). TNFR deficiency was confirmed in the resulting mice by the absence of the TNFR proteins in Western blot analysis using anti-TNFR1 or anti-TNFR2 polyclonal Abs (data not shown). The p55 and p75 genes are located on mouse chromosomes 6 (60, 55 cM) and 4 (75.5 cM), respectively, in regions not considered to be associated with susceptibility or resistance to SLE. It is, therefore, unlikely that inadvertent introduction or elimination of susceptibility or resistance genes had occurred as a consequence of the respective introgressions.
Detection of the p55 and p75 genotypes
Genomic DNA extracted from mouse tail clippings was PCR amplified with the following primers: p55, 5Ј-GGATTGTCACGGTGCCGTTGAA G-3Ј, 5Ј-TGACAAGGACACGGTGTGTGGC-3Ј, 5Ј-TGCTGATGGGGA TACATCCATC-3Ј, and 5Ј-CCGGTGGATGTGGAATGTGTG-3Ј; and/or p75, 5Ј-CCCACAGCTGCAGTTCGAAG-3Ј, 5Ј-AGGACTCTGTGTAA AGAGGCGTGT-3Ј, and 5Ј-CCTCTGAGCCCAGAAAGCGAA-3Ј for 30 cycles at 94°C for 30 s, 57°C for 30 s, and 72°C for 45 s. The PCR products were electrophoresed in 3% agarose gel containing ethidium bromide, and the bands were exposed under UV light. The band sizes for the intact p55 and p75 gene fragments are 120 and 226 bp, respectively, whereas the band sizes for the disrupted p55 and p75 genes are 155 and 603 bp, respectively.
Cell surface staining
Mouse spleen mononuclear cells were stained with combinations of FITC-, PE-, PerCP/Cy5-, and allophycocyanin-conjugated mAb specific for murine CD3, CD4, CD5, CD8, CD11b, CD19, CD21, CD23, CD25, CD44, CD62L, CD69, NK1.1, IgM, and IgD (BD Pharmingen and eBioscience) and analyzed by FACS.
Serum autoantibody determinations
Sera were assayed for levels of IgG and IgM anti-chromatin, anti-histone, and anti-dsDNA autoantibodies by ELISA, as described (34) , with minor changes. Sera from five females, 36-to 38-wk-old (NZB ϫ NZW)F 1 mice, were combined together and assayed at 1/200 dilution on each plate, and the average OD of these sera for each autoantigen was arbitrarily set at a value of 100 (U). Values for the test sera were calculated as (OD serum /OD control ) ϫ 100.
Spleen immunofluorescence
OCT-embedded frozen spleen sections were stained with PE-conjugated anti-B220 mAb (BD Biosciences), FITC-conjugated anti-MOMA-1 mAb (Serotec), or Alexa 546-conjugated peanut agglutinin (Invitrogen Life Technologies) for 45 min at room temperature and mounted with Fluoromount G (Electron Microscopy Sciences). Stained sections were examined by fluorescence microscopy (Nikon E600).
Assessment of nephritis
The development of proteinuria was assessed weekly using Albustix assay strips (Bayer) with a scale ranging from 0 to 4 ϩ . Severe proteinuria was defined as Ն3 ϩ (Ͼ300 mg/dl) on two consecutive examinations. For the assessment of renal histology, half of each kidney was fixed in 4% formaldehyde. Paraffin sections were stained with H&E, periodic acid-Schiff, and Masson's Trichrome, and scored in a blind fashion (using a 0 -3 scale) for the following features: glomerular hypercellularity, necrotizing lesions, karyorrhexis, cellular crescents, and hyaline deposits (these features indicate glomerular activity score); interstitial inflammation, tubular cell necrosis, and epithelial cells or macrophages in tubular lumens (tubulointerstitial activity score); and glomerulosclerosis, glomerular scars, fibrous crescents, tubular atrophy, and interstitial fibrosis (chronic lesion score). The scores for individual features were summed to obtain the three main scores (glomerular activity score, tubulointerstitial activity score, and chronic lesion score), and then the three main scores were summed to obtain a composite kidney biopsy score (KBS). In addition, glomerulonephritis was classified histopathologically according to the scheme developed by the World Health Organization and widely used in human SLE. For immunofluorescence, kidney tissue was embedded in OCT compound, and unfixed frozen sections were stained with 1:20 goat anti-mouse IgG1 or IgG2b (Southern Biotechnology Associates) or with rabbit antimouse C3 (Cappel Laboratories).
Gene expression profiling
CD4
ϩ CD44 high CD62L low/neg spleen cells were isolated from 5-mo-old female p55/p75 double-knockout (DKO) NZM 2328 mice or C57BL/6 mice by depleting CD19 ϩ B cells with magnetic beads (Dynal Biotech), followed by flow cytometry sorting. Total RNA was extracted from each sorted cell preparation using RNA STAT-60 isolation reagents (Tel-Test). First-strand cDNAs were prepared from 250 -500 ng of total RNA of each sample using First Strand cDNA Kit (Fermentas). Template cDNAs were characterized in technical quadruplicates using two different RT 2 Profiler PCR Arrays: the mouse Th1-Th2-Th3 array and the Th-17 pathway PCR Array for Autoimmunity and Inflammation (SuperArray Bioscience). QPCR SYBR Green Mix was purchased from (ABgene). Arrays were performed in 384-well plates on the 7900 ABI Sequence Analyzer (Applied Biosystems). Fold changes in gene expression between p55/p75 DKO NZM 2328 and C57BL/6 RNA were calculated using the ⌬⌬ cycle threshold method utilizing PCR Array Data Analysis Template software, per the manufacturer's instructions. Array data were deposited in National Center for Biotechnology Information GEO database under accession number GSE13855.
Array-profiling results were confirmed and validated through individual real-time PCR analyses of six selected genes: IL-4, IFN-␥, IL-10, IL-17A, IL-17F, and ROR␥t. The real-time PCR primers were designed by using Massachusetts Institute of Technology Whitehead Institute's Primer 3.0 software based on information from public mouse genome databases (http://genome.ucsc.edu; http://www.ebi.ac.uk/ensembl/). For the sequences of the oligonucleotide primers used, see supplementary Table I . 4 All validation real-time PCR were run as quadruplicates for each gene of interest compared with the three housekeeping genes, GAPDH, heat shock protein 90ab1, and 18S RNA transcripts, used as endogenous references. Fold changes in gene expression were calculated according to Pfaffl (35) using the following equation: ratio ϭ 2 Ϫ(⌬CP sample -⌬CP control) .
Intracellular IL-17 expression
Naive and activated memory CD4 ϩ spleen cells were isolated from 5.5-mo-old female p55/p75 DKO NZM 2328 mice, 7-to 9-mo-old female NZM 2328 WT mice, or 7-to 9-mo-old C57BL/6 mice by depleting B cells with magnetic beads (Dynal Biotech), followed by flow cytometry sorting gated on CD4 ϩ CD62L high CD44 low (for naive T cells) or CD4 ϩ CD44 high CD62L low (for activated memory T cells) using a FACSDiVa (BD Biosciences). These cells were stimulated with PMA (50 ng/ml) and ionomycin (100 ng/ml) for 5 h and BFA (5 g/ml) for 4 h. In some experiments, these cells were stimulated with anti-CD3/CD28-coated beads (1:5 ratio) for 5 days, and PMA, ionomycin, and BFA were added to 4 The online version of this article contains supplementary material. cultures for the final 5 h, as above. Cells were stained for surface CD4, CD62L, and CD44; fixed; permeabilized; and then stained for IL-17A (eBioscience).
Soluble IL-17 production
Cells were isolated and stimulated as above, but without BFA. Supernatants were harvested, and the soluble IL-17A levels were determined by ELISA (eBioscience), according to the manufacturer's instructions.
Statistics
All analyses were performed using SigmaPlot 11.0 software (SPSS). When necessary, raw results were log transformed to achieve normality and/or to satisfy the equal variance test. Parametric testing between two groups was performed by Student's t test, and parametric testing among three groups was performed by one-way ANOVA. When log transformation failed to generate normally distributed data or the equal variance test was not satisfied, nonparametric testing was performed by the Mann-Whitney rank sum test between two groups and by Kruskal-Wallis one-way ANOVA on ranks among three groups. Onset of severe proteinuria and mortality data were analyzed by Kaplan-Meier log-rank survival analysis.
Results
Development of disease in TNFR-deficient NZM 2328 mice
By 6 mo of age, ϳ20% of WT NZM 2328 mice developed severe proteinuria (Ն3 ϩ ), with 90% of mice having been so affected by 10.5 mo of age (Fig. 1A) . Death routinely ensued within 1 mo following the onset of severe proteinuria (Fig. 1B) . Although disease development in NZM mice singly deficient in either TNFR was identical with that in WT, mice doubly deficient in both TNFR displayed accelerated kidney disease, as measured by both proteinuria and mortality. By 6 mo of age, 50% of the TNFR doubly-deficient mice developed severe proteinuria, and 90% of them were affected by 8 mo of age, with death ensuing shortly thereafter. The p value for both proteinuria and mortality is Ͻ0.001 by the log-rank test (Kaplan-Meier method). The fact that development of severe proteinuria closely correlated with mortality in each mouse cohort supports the notion that these mice died as a consequence of kidney disease. Among the different autoantibodies found in lupus, IgG antidsDNA autoantibodies are those most closely correlated with clinical outcome in mice and humans with SLE (36) . In accordance with their developing accelerated kidney disease, serum IgG antidsDNA autoantibody levels in TNFR doubly-deficient mice at 5-5.5 mo of age were already elevated to an extent that was not achieved in WT or TNFR singly-deficient mice until 7.5-9 mo of age (Fig. 2) .
Histologic and immunofluorescence evaluations of the kidneys confirmed the clinical observations. By 5.5 mo, most p55/p75 DKO mice showed diffuse proliferative glomerulonephritis (World Health Organization class IV) (Fig. 3) . In contrast, this degree of pathology was not observed in WT, p55 Ϫ/Ϫ , or p75 Ϫ/Ϫ NZM 2328 mice until ϳ7.5-9 mo of age. TNFR p55/p75 DKO showed at 5.5 mo a significantly greater composite KBS ( p Ͻ 0.001) than did the other tested cohorts (Fig. 4) , whereas there was no significant difference in KBS between the WT and either of the single-knockout mice at this age. At 7.5 mo of age, the KBS had substantially increased in the latter sets of mice to a degree similar to that observed in 5.5-mo-old DKO mice.
Similarly, glomerular deposition of IgG1, IgG2b, and C3 was substantially greater in DKO mice at 5.5 mo of age than in any of the other tested cohorts (Fig. 3) . As the case with renal histology, this augmented degree of glomerular deposition was not appreciated in WT, p55 Ϫ/Ϫ , or p75 Ϫ/Ϫ mice until 7.5 mo of age. Taking the clinical, serological, histological, and immunofluorescence findings together, DKO mice develop an accelerated, but otherwise similar kidney disease to WT and single-knockout mice.
Spleen microarchitecture in TNFR-deficient NZM 2328 mice
Accelerated disease in doubly-deficient mice most likely reflected hyperactivity of their immune systems relative to those in WT or singly-deficient mice. Indeed, the ordered organization of the spleen white pulp is vital to proper regulation of immune responses. Given that TNF provides signals that support the generation and maintenance of lymphoid architecture (37), we characterized the microarchitecture of spleen white pulp in our mice at 2 and 6 mo of age. At each time point, all three TNFR-deficient strains displayed impaired follicular development compared with WT mice, with DKO mice showing the greatest degree of impairment (Fig. 5) .
Furthermore, and consistent with a hyperactive immune system in SLE-prone mice, spontaneous germinal center (GC) formation was apparent by 2 mo of age in WT and p75 Ϫ/Ϫ mice (Fig. 6 ). The p55 Ϫ/Ϫ and DKO mice displayed reduced GC formation compared with WT at 2 mo of age, but DKO mice displayed larger and more numerous GCs at 6 mo of age than did the WT or p75 Ϫ/Ϫ mice. Nonautoimmune C57BL/6 mice did not show spontaneous GC formation (data not shown).
Discrete lymphocyte compartments in TNFR-deficient NZM 2328 mice
Total spleen lymphocytes were increased in DKO mice, largely due to an increase in total T (CD3 ϩ ) and CD4 ϩ T cells (Fig. 7, a,  c, and e) . No statistically significant differences in total B cells (Fig. 7b) (Figs. 7g and 8B ). Because there was a gradual shift toward the activated memory phenotype as the disease progressed (Fig. 8D) , we focused on the gene expression profile of these cells. Activated memory CD4 ϩ T cells from DKO NZM mice were purified by flow cytometry in parallel with purification of the same subset of T cells from nonautoimmune age-and sex-matched C57BL/6 mice. Surprisingly, they displayed neither a Th1 nor Th2 profile, as determined by gene-array analysis. Rather, IL-17a expression levels in DKO mice were significantly increased. Accordingly, we focused on evaluation of the Th17 pathway. As shown in Fig. 9A , the CD4 ϩ CD44 high CD62L low/neg subset from DKO mice showed a Th17 profile, based on significant increases in the levels of expression of IL-17A, IL-17F, IL-23A, IL-23R, Socs3, Jak1, Jak2, Mmp13, and ICOS, along with a decrease in IL-4, IL-25, and GATA3. To validate these results, we reproduced the array data for several key genes by real-time quantitative PCR (Fig. 9B) . In cells from 5-mo-old DKO mice and 8-to 9-mo-old WT NZM 2328, but not in 5-mo-old WT NZM, expression of IL-17A and IL-17F was significantly increased; IFN-␥ was marginally increased; IL-4 was marginally decreased; and IL-10 showed less than a 2-fold increase, which we deem to be biologically insignificant (Fig. 9B) . These results provide further evidence for disease acceleration in the DKO mice, as well as confirmation of a Th17 gene expression profile in the CD4 ϩ CD44 high CD62L low/neg subset of cells from clinically sick animals (5-mo-old DKO and 8-to 9-mo-old WT, but not 5-mo-old WT). FIGURE 10. IL-17A levels in NZM2328 WT, p55/p75 DKO, and C57BL/6 mice. Naive and activated memory CD4 ϩ spleen cells were isolated from 5-to 5.5-mo-old female p55/p75 DKO NZM 2328 mice, 7-to 9-mo-old female NZM 2328 WT mice, or 7-to 9-mo-old C57BL/6 mice by depleting B cells with magnetic beads, followed by flow cytometry sorting gated on CD4 ϩ CD62L high CD44 low (for naive T cells) or CD4 ϩ CD44 high CD62L low (for activated memory T cells). A, Naive and activated memory cells isolated from 5-to 5.5-mo-old p55/p75 DKO mice were treated as described in Materials and Methods, and stained for intracellular IL-17A and control IgG at days 0 and 5. B, Activated memory cells isolated from 7-to 9-mo-old female C57BL/6 and NZM 2328 WT mice were isolated, treated, and stained, as in A. C, IL-17A levels measured by ELISA in supernatants from cultures of activated memory T cells isolated and treated as above. Value of p Ͻ 0.001 between C57BL/6 mice and NZM2328 WT and DKO mice. No significant difference between DKO and 7-to 9-mo NZM WT.
These results also illustrate two additional points. First, we designed and used two different primer sets for IL-17F. With primer set 1, a 3-to 4-fold increase was observed, whereas with the second primer set, an 8-to 9-fold increase was obtained. The quantitative differences obtained using the two different sets of primers may reflect differences of binding affinities or other physicochemical differences between the primer sets and their targets. Second, in the SuperArray system, the probe for the RORc gene does not discriminate between the two isoforms ROR␥ and ROR␥t (X. Zeng, SuperArray, unpublished observation). Consequently, we used probes in the replication phase that specifically amplify the ␥t splicing variant of RORc without amplifying the other variant of the RORc gene. Interestingly, when using a non-␥t-specific probe (in the array), no significant change in the expression of RORc was observed (Fig. 9A) , but when the ␥t-specific probes were used, we demonstrated a significant increase in the expression of ROR␥t in the DKO mice, consistent with a Th17 profile of this subset of T cells (Fig. 9B) .
Furthermore, as shown in Fig. 10 , activated memory T cells from 5-to 5.5-mo-old DKO mice show significant IL-17 intracellular staining and IL-17 production in culture at days 0 and 5 at levels comparable to 7-to 9-mo-old NZM WT mice. Naive T cells from DKO mice produce miniscule amounts of IL-17, as evident by intracellular staining (Fig. 10B) . Importantly, activated memory T cells from nonautoimmune age-and sex-matched C57BL/6 mice also produce very little IL-17, even after 5 days of culture (Fig. 10C) .
Discussion
A low level of TNF expression is associated with a significant proportion of human SLE and with the classic (NZB ϫ NZW)F 1 murine model (17, 38) . Although a protective role for TNF administration in (NZB ϫ NZW)F 1 mice has been established, it had not been known whether this effect segregates at the level of the individual TNFR. We have now demonstrated that the effect of TNF in closely related SLE-prone NZM 2328 mice does not segregate uniquely to either of the two TNFR. That is, disease development in TNFR1 or TNFR2 singly-deficient NZM 2328 mice was similar to that in WT mice (intact for both TNFR1 and TNFR2), whereas disease was unequivocally accelerated in DKO mice.
Unlike previous studies that focused on the biological consequences of TNFR deletion by evaluating only single receptor-deficient mice (30, 31, 39) , our work emphasizes that to gain insight into the full spectrum of TNF/TNFR system, one must study model systems in which deletion of both receptors has occurred, as well as evaluate those systems in which the deletion of only a single individual receptor has occurred.
Our data point to a certain degree of functional redundancy for the two TNFR in NZM 2328 mice. In the complete absence of one, signaling through the other can sufficiently compensate and permit persistence of the WT clinical and pathological phenotypes. This may entail a convergence of the signaling pathways for T cell death as it occurs for cell survival. Indeed, TNFR1 induces TNFRassociated factor 2 (TRAF2)-receptor interacting protein-IKK-dependent, NF-B-dependent antiapoptotic pathways, and also two distinct apoptotic pathways: TNFR1-TRADD-FADD-caspase-8 and TRAF2-AIP1-ASK1-JNK/p38 kinase cascade (40) . Thus, recruitment of TRAF2 by TNFR1 for the formation of the signaling complex is essential for activation of several distinct signaling cascades. Although much less is known about the proteins recruited to TNFR2 and downstream signaling, TNFR2, like TNFR1, can also recruit TRAF2 and use the two cellular inhibitors of apoptotic proteins (cIAP1 and cIAP2) (41) . Perhaps a similar convergence for the cell death signaling pathways occurs, if not through TRAF2, then by some other means. Consequently, when both receptors are deleted, a complete loss of regulatory functions of the TNF/TNFR pathway takes place. Investigation into the relevant biochemical pathways is needed to delineate the signaling cascades triggered by the individual TNFRs.
Anti-TNF agents have successfully been used to treat patients with a variety of chronic inflammatory diseases (42) , and such agents have recently been suggested for use in SLE. This advice must be taken with caution given our results in the NZM 2328 model, which shows that abrogating the proinflammatory effects of TNF by deleting the two receptors leads to a heightened, distinct inflammatory pathway, probably resulting from the loss of immunoregulatory functions of TNF/TNFR system.
The recent anecdotal reports of the benefit following anti-TNF treatment in a few SLE patients (26) might be explained by an incomplete blockade of TNF. That is, there is still free TNF available to provide certain protective effects. A nonmutually exclusive possibility is that those patients treated to date are Caucasians possessing HLA class II genotype of DR3 and/or DR4, who have been shown to be capable of producing higher levels of TNF in response to activation (38) . Consequently, reducing TNF levels in such patients might mitigate the inflammatory response while preserving sufficient TNF levels to provide protective regulation. In contrast, DR2/DQw1-positive SLE patients (mostly non-Caucasians), who have lower TNF inducibility (38) , might be more prone to the harmful consequences of TNF blockade. Our findings, therefore, suggest much circumspection before using TNF antagonists in SLE. Furthermore, the accumulating data on the involvement of the TNF/TNFR pathway in the normal development of the lymphoid microarchitecture suggest that TNF antagonists might be contraindicated during pregnancy due to potential defects in embryonic development of the lymphoid system in the fetus.
In terms of a mechanistic explanation for our findings at the cellular level, NZM 2328 mice deficient in one or both TNFRs underwent important phenotypic changes. Follicular B cell organization and GC formation in the spleen were altered in these mice. These microstructural changes complement previous studies that documented similar changes in TNF-or TNFR1-deficient nonautoimmune-prone mice (43, 44) and are consistent with the established role of the TNF/TNFR system in the development of normal lymphoid architecture (45) . Of note, the impaired ability of DKO mice to form organized follicles in the spleen (Fig. 6 ) did not compromise their ability to produce high levels of autoantibodies (Fig. 2) . Moreover, attenuated spontaneous GC formation in the various TNFR-deficient mice (especially in p55 Ϫ/Ϫ mice) did not affect their ability to generate autoantibody levels identical with those in WT mice (Fig. 2) . Most importantly, these impairments in the organization of the B cell compartment in the DKO mice do not provide an explanation for their accelerated clinical disease, because single-receptor-deficient mice share the same B cell phenotype, but do not develop accelerated disease.
Among the individual B or T cell populations analyzed, the closest association with development of clinical disease was with CD4 ϩ CD44 high CD62L low/neg (activated memory) T cells, suggesting that these cells might have a causal role. Our results agree well with previous studies that also documented an accumulation of activated memory T cells in other SLE-prone mice (46, 47) . Of note, such cells are refractory to anti-CD3-induced apoptosis in vitro and express high levels of apoptosis-inhibiting genes such as Bcl-x L (46), perhaps explaining why they steadily accumulate in SLE-prone mice.
To eludicate how CD4 ϩ CD44 high CD62L low/neg T cells might drive accelerated disease, we focused on their cytokine profile. There is considerable evidence that a skewing toward a Th2-type response can contribute to murine SLE (48) . CD4 ϩ T cells from (NZB ϫ NZW)F 1 mice secrete less IL-2 as the mice age and as the disease becomes more clinically evident (49) . Furthermore, IL-4 mRNA expression increases with age and disease development in (NZB ϫ NZW)F 1 mice, whereas IL-12 mRNA expression decreases (50) . Additionally, mitogen-stimulated T cells from these mice produce high levels of Th2-type cytokines (IL-4, IL-5, and IL-10), whereas Th1 cytokine (IL-2, IFN-␥) production is low (51) . Moreover, the administration of anti-IL-10 to (NZB ϫ NZW)F 1 mice delays disease onset (19) , and treatment with IL-4 antagonists decreases anti-DNA Ab levels and associated renal disease (52) . Finally, transgenic expression of IL-4 under a MHC class I promoter induces SLE-like autoimmunity in a nonautoimmune background (53) . In contrast, Th1 responses may contribute as well. For example, the major isotype eluted from glomerular lesions of SLE mice is IgG2a (36) , which depends on IFN-␥ for its synthesis. Indeed, neutralization of IFN-␥ by a mAb (54) or a soluble IFN-␥ receptor (55) prevents glomerulonephritis in (NZB ϫ NZW)F 1 mice, whereas administration of exogenous IFN-␥ accelerates renal disease. In addition, renal disease and anti-DNA Ab levels are attenuated in IFN-␥ receptor-deficient (NZB ϫ NZW)F 1 mice (56) .
Unexpectedly, we found that CD4 ϩ CD44 high CD62L low/neg T cells in DKO NZM 2328 mice expressed neither a Th1 nor a Th2 profile. Rather, they expressed a Th17 profile, with significantly increased expression of IL-17A, IL-17F, IL-23A, IL-23R, Socs3, Jak1, Jak2, Mmp13, ICOS, and ROR␥t, along with decreased expression of IL-4, IL-25, and GATA3. Th17 cells have recently emerged as an independent subset that is highly pathogenic in the development of organ-specific autoimmunity (57, 58) . The association of Th17 cells with systemic autoimmunity (SLE) suggests that the pathogenic role of these cells may be broader than initially appreciated.
Our finding of increased expression of Jak1 and Jak2 in CD4 ϩ CD44 high CD62L low/neg T cells is consistent with other reports on Th17 gene expression profiles (59, 60) . Although Th1 and Th17 are distinct subsets, cells producing both IL-17 and IFN-␥ have been identified (61) (62) (63) , so the up-regulated expression of IFN-␥ in the present study is not inconsistent with a Th17 response. In addition, our finding of increased expression of Mmp13 is also consistent with a Th17 profile. The induction of matrix metalloproteinases that are a component of chronic inflammatory responses has been suggested as a function of Th17 cells (64) . Indeed, deletion of IL-17R in mice results in diminished synovial expression of Mmp 3, 9, and 13, and prevents cartilage destruction in streptococcal cell wall-induced arthritis (65) .
We do not claim that activated memory T cells universally have a Th17 profile. Rather, our data suggest that within the CD4 ϩ CD44 high CD62L low/neg T cell population in DKO NZM 2328 mice (and 8-to 9-mo-old overtly sick WT NZM 2328 mice), there is a subset of Th17 cells. Indeed, CD4 ϩ CD44 high CD62L low/neg T cells from age-and sex-matched, nonautoimmune C57BL/6 mice do not manifest a Th17 profile. We cannot exclude the possibility that certain CD4 ϩ CD44 high CD62L
low/neg T cells are nonTh17 cells even in DKO NZM 2328 mice because, at present, we have no way to delineate subsets within this activated memory phenotype other than by the cell surface markers used in flow cytometry. Accelerated disease in these mice may be promoted not only by such Th17 cells, but by other pathways as well. The existence of a Th17-mediated pathogenic pathway does not preclude the concurrent existence of other pathogenic pathways. Nevertheless, our results provide novel evidence for the association of IL-17/Th17 pathway with an animal model of SLE, the importance of which is underscored by the very recent demonstration of IL-17 production in human SLE (66) .
